GLUCOCORTICOIDS GENERALLY predispose toward obesity and the metabolic syndrome. For example, Cushing's disease, characterized by pathologically elevated cortisol, also causes obesity that is largely resolved after normalizing cortisol by adrenalectomy (2) . Similarly, obese phenotypes can be produced by simply administering corticosterone orally (8) . Conversely, genetic obesity in mice caused by mutations in the leptin gene or leptin receptors is also characterized by elevated corticosterone, and the obese phenotypes are largely resolved by adrenalectomy (12) . The physiological significance of these observations is suggested by the observation that nutritional deprivation reduces plasma leptin and increases corticosterone as well as neuroendocrine responses (e.g., increased appetite and hypothalamic gene expression that predispose toward other obese phenotypes) that are prevented by leptin replacement (1) .
Of particular interest, adrenalectomy also prevents, and elevation of glucocorticoids mimics, many of these neuroendocrine responses to nutritional deprivation (11) .
A key question raised by these studies is what sustains the elevated glucocorticoid secretion characterizing some forms of genetic obesity as well as nutritional deprivation, since glucocorticoids ordinarily exert powerful negative feedback effects in the hypothalamic-pituitary-adrenal (HPA) axis that would be expected to prevent prolonged elevation. Indeed, some evidence supports that obesity in humans entails some reduction in the negative feedback of cortisol (14) , suggesting that reduced feedback in the HPA axis may predispose toward obesity. This hypothesis is strongly supported by the observation that reducing negative feedback by direct inhibition of the Type 2 glucocorticoid receptor produces profound obesity (17) . However, it has remained unclear how leptin deficiency or nutritional deprivation might reduce negative feedback of the HPA axis and the extent to which this mediates neuroendocrine and obese phenotypes.
In a follow-up screen for hypothalamic genes regulated by nutritional deprivation (13), a DNA microarray study suggested the induction of one hypothalamic gene that might mediate the reduction of negative feedback in the HPA axis. This gene, denoted FK506 binding protein 5 (Fkbp51), was first characterized as coding for a protein product that binds the immunosuppressant FK506 (3). Subsequently, the protein was shown to inhibit glucocorticoid action, and elevated activity of Fkbp51 was shown to cause chronically elevated glucocorticoid secretion in squirrel monkeys (4, 5, 19, 20) . These observations suggest that fasting-induced elevation of hypothalamic Fkbp51 expression might mediate sustained hyperactivity of the HPA axis by blocking negative feedback response, and that enhanced hypothalamic expression of this gene might, therefore, predispose to diet-induced obesity. The present studies assessed this hypothesis.
MATERIALS AND METHODS
Animals. All studies were approved by the appropriate institutional animal review board (Institutional Animal Care and Use Committee). Male C57BL/6J male retired breeders were obtained from The Jackson Laboratory (Bar Harbor, ME) and singly housed with free access to food and water under 12:12-h light-dark cycle (lights on at 7:00 AM). Retired breeders were used because, at that age, body weight is stable on a chow diet, so changes in body weight provide a more reliable indicator of metabolic perturbations. In addition, the metabolic syndrome is primarily of concern in middle-aged rather than young adult individuals (15) . Young adult male Sprague-Dawley rats were obtained from Charles River.
Adeno-associated viral vectors.
Murine Fkbp51 open reading frame was PCR amplified from brain cDNA library with a COOHterminal FLAG tag and subcloned into an adeno-associated virus (AAV) expression plasmid to generate AAV.Fkbp51. A control vector (AAV.mCherry) was designed to express mCherry-FLAG. The expression of both transgenes is regulated by a hybrid cytomegalovirus/ chicken ␤-actin promoter. Virus stocks were prepared by packaging the vector plasmids into AAV serotype 2 (AAV2) particles using a helper-free plasmid transfection system. The vectors were purified using heparin affinity chromatography, dialyzed against PBS supplemented with 2 mM MgCl 2, and diluted to 10 12 genomic particles per milliliter.
Stereotaxic surgery. Mice were anesthetized with avertin (Tribromoethanol) and fixed into a stereotaxic frame. Small burr holes were drilled through the skull and a 25-G Hamilton syringe was used to deliver bilaterally 1 l of 1 ϫ 10 9 genomic particles of AAV.Fkbp51 or AAV.mCherry to the hypothalamus (n ϭ 6 -7/genomic particle). Infusions were delivered to the coordinates: anteroposterior, Ϫ1.5; mediolateral, Ϯ 0.4; dorsoventral Ϫ6.0 over 10 min using a microsyringe. The needle was left in for an additional 5 min and then withdrawn. Transfer of small hairpin RNA (shRNA) directed to Fkbp51 in rats was accomplished as previously described (9) .
In situ hybridization. In situ hybridization was carried out in rat brains using a riboprobe directed to bases 112-1,452 of the Fkbp51 gene (Genbank NM_001012174), as described (6) .
Responses to high-fat diet. Body weight and food intake on a high-fat diet (4.73 kcal/g; diet composition: 20% protein, 35% carbohydrate, and 45% fat) were measured from day of infusion and recorded weekly for 11 wk. Diet was then switched to standard chow (3.40 kcal/g; diet composition: 23% protein, 64% carbohydrate, and 11% fat), and body weight and food intake were measured weekly for an additional 4 wk.
Hypothalamic microdissection. Mice were killed by brief exposure to carbon dioxide and then decapitated. Whole brain was quickly dissected, and 1 mm sections were isolated using a brain matrice and razor blades. Sections containing arcuate nucleus (ARC), ventrome- dial nucleus (VMN), and paraventricular nucleus (PVN) were transferred into RNAlater to stabilize RNA (Applied Biosystems, Foster City, CA) and incubated at 4°C overnight. Regions of interest were microdissected, and tissue was stored in Eppendorf tubes at Ϫ80°C.
Extraction of RNA, cDNA synthesis, and quantitative RT-PCR. RNA was extracted using MagMax-96 Total RNA Isolation Kit, and protocol was according to manufacturer's instructions (Applied Biosystems, Foster City, CA). Using the Superscript Choice system (Invitrogen, Carlsbad, CA), first-strand cDNA synthesis was carried out at 42°C for 60 min using Superscript II reverse transcriptase. Reaction volumes were 20 l in a 40-cycle three-step PCR using the ABI Prism 7900 thermocycler (Applied Biosystems, Foster City, CA). The PCR master mix contained 1ϫ PCR buffer (20 mM Tris, pH 8.4, 50 mM KCl), 5 mM MgCl 2, 200 M dNTPs, 0.5% (0.05 l of 100ϫ) SYBRgreen (Molecular Probes, Eugene, OR), 200 M for each primer pair, and 0.25 units of Platinum Taq (Invitrogen, Carlsbad, CA). Samples were normalized using a primer set for a control transcript (Cyclophilin). Primers for quantitative RT-PCR were designed using the software program MacVector 7.0 (Accelrys). Primer sets incorporated the 3= end of transcript, guanine-cytosine content between 45 and 55%, and a single amplicon between 100 and 300 bp. All primers were tested with nonquantitative PCR, and products were run on a 1% agarose gel to optimize reaction conditions. Glucose tolerance test. Mice were fasted overnight by removing food before lights out (6 PM). The next day, mice were intraperitoneally injected with glucose (2 g/kg body wt). Blood was extracted from the tail vein before glucose injection and 15, 30, 60, and 120 min after injection. Blood glucose levels were determined with Contour blood glucose meter (Bayer).
Corticosterone ELISA. Blood corticosterone levels were measured using an ELISA from Assay Designs (Ann Arbor, MI).
Immunocytochemical localization of Fkbp51-flag or mCherry-flag. Mice were perfused with 4% paraformaldehyde and stored at 4°C in 30% sucrose until brains were cut into 30-m sections. Sections were incubated at 4°C overnight with primary flag antibody (Sigma rabbit, 1:1,000), washed, then incubated with goat anti-rabbit secondary labeled with Alexa Fluor 488 (In Vitrogen, 1:200). A Zeiss upright confocal laser scanning microscope (CLSM710) was used for imaging. A total of 5 ϫ 5 overlapping tiles at a zoom setting of 0.7 were collected (ϫ10 objective, 458-nm excitation laser, image average ϫ four frames) and exported to photoshop, in which minimal adjustments were made to optimize contrast and brightness. Scale bar ϭ 500 m.
RESULTS

Fkbp51 expression in hypothalamic PVN, VMN, and ARC after fasting in C57BL/6J mice and Sprague-Dawley rats.
Fkbp51 expression was quantified by quantitative PCR in the PVN, VMN, and ARC. Mice and rats underwent a 48-h fast, while controls were ad libitum fed. The PVN, VMN, and ARC hypothalamus were microdissected, and total RNA was extracted for quantitative PCR. Fkbp51 was induced in the selected hypothalamic regions for both mice and rats (Fig. 1) , demonstrating the robustness of Fkbp51 induction by fasting across two rodent species.
Detailed mapping by in situ hybridization demonstrated that Fkbp51 is highly expressed in several hypothalamic nuclei and in many other brain regions, including the hippocampus (Fig. 2) .
Overexpression of Fkbp51 promotes obesity without changing food intake. To assess if hypothalamic Fkbp51 plays a role in promoting obesity, the gene was delivered to the hypothalamus (directed toward the VMN and ARC) via an AAV vector. Transfer of Fkbp51 resulted in increased body weight on a high-fat diet relative to mice with the mCherry control vector (Fig. 3A) . This increased body weight was not accompanied by increased food intake. Transferring mice to a low-fat diet largely reversed the obesity (Fig. 3B) . Consistent with weight gain on the high-fat diet, transfer of Fkbp51 to the hypothalamus impaired glucose tolerance (Fig. 4) . In contrast, transferring an shRNA construct that significantly reduced Fkpb51 expression in vitro did not significantly reduce obese phenotypes in a rat model of diet-induced obesity, although the level of expression was only reduced ϳ25% (Table 1) .
Fkbp51 overexpression induces corticosterone. One purpose of this study was to determine whether Fkbp51 overexpression would increase corticosterone, consistent with impaired negative feedback in the HPA axis. As shown in Fig. 5 , transfer of Fkbp51 to the hypothalamus led to a twofold increase in baseline corticosterone, supporting reduced HPA-negative feedback in this model.
Detailed histological mapping of the expression of Fkpb51 after AAV-mediated gene transfer indicated that the transferred gene was generally expressed in the VMN, less reliably in the ARC, and not appreciably in any other hypothalamic nucleus or brain area, consistent with our laboratory's previous studies (16) (Fig. 6) . Consistent with the known tropism of the AAV serotype used in these studies (AAV2), the vast majority of the flag immunoreactivity appeared to be in neurons based on the morphology of the immunoreactive cells.
DISCUSSION
Our initial screen assessed gene expression in a hypothalamic dissection that includes the VMN and the ARC, a portion of the PVN, but relatively little lateral hypothalamus (18) . Extending these studies to microdissected nuclei, we observed that fasting induced Fkbp51 in all of these hypothalamic nuclei in both mice and rats (although not significantly in mouse PVN). To assess the functional significance of the induction of Fkbp51, we assessed the metabolic and endocrine effects of enhancing expression of the gene using AAV targeted to the medial basal hypothalamus (mainly the VMN and ARC), at the same time switching mice to a high-fat diet. Within 2 wk (about as long as it takes for AAV to express maximally), hypothalamic overexpression of Fkbp51 enhanced weight gain on the high-fat diet, relative to mice given the mCherry control vector in the absence of significant increase in food intake. This elevated weight gain persisted during the entire period the mice were maintained on a high-fat diet. When mice were switched to a low-fat diet, all mice lost weight, and the difference between experimental and control mice, while maintaining the previous trend, was no longer significant. The enhanced weight in the Fkbp51-expressing mice was associated with impaired glucose tolerance and, of particular interest, persistently elevated plasma corticosterone levels. Although we did not observe that transfer of an shRNA construct to the hypothalamus reduced diet-induced obesity, it has been reported that Fkbp51Ϫ/Ϫ mice resist diet-induced obesity (21) .
These results are consistent with the hypothesis that the effects of nutritional deprivation to persistently increase HPA activity is due, at least in part, to elevation of Fkbp51 expression in the medial basal hypothalamus. However, this conclusion is subject to several caveats. First, although overexpression of Fkbp51 targeted to the whole hypothalamus did increase baseline levels of plasma corticosterone, as anticipated, we have not yet demonstrated that reducing plasma corticosterone would reverse sensitivity to diet-induced obesity. However, our laboratory has previously demonstrated that, while adrenalectomy would reverse obese phenotypes in genetic obesity due to leptin deficiency (12), it does not prevent diet-induced obesity in normal wild-type mice (10) . Whether adrenalectomy would prevent the excess weight gain on a high-fat diet caused by overexpression of Fkbp51 remains to be determined. A second caveat is that, although the serotype of AAV (AAV2) is thought to transfect neurons almost exclusively (7), we did not demonstrate this conclusively in the present study, so some of the effects may have been mediated via glial expression of Fkbp51. Nevertheless, the present studies strongly support that elevated expression of Fkbp51 in the hypothalamus does enhance sensitivity to diet-induced obesity and impaired glucose tolerance, without reducing food intake, in association with increased plasma corticosterone levels.
